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C STUDIES AT THE LAJITAS SEISMIC STATION

Eugene T. Herrin

a
b{ Introduction
)
&ﬁ The report describes ongoing studies based primarily on
RO data obtained at the Lajitas site. The overall objective of
these studies is to characterize seismic noise and signal in
;ﬁ; an extended frequency band, up to a bandwidth of 50 Hz or
P greater if possible. Knowledge of the broad-band, high fre-
:Eﬁ quency characteristics of regional signals and noise is es-
dy sential in predicting the capability of a regional network
H of borehole and array stations to monitor small events as would
at be required in the verification of the terms of a low-thresh-
ﬁ%i old test-band treaty.
)
k)
A ﬁ Lajitas Station
¢
“b The Lajitas seismic stations is located in far West Texas
| just north of the Mexican border, about 10 miles west of the
059 western entrance of Big Bend National Park. The site was se-
e, lected for its remote location, being about 70 miles away
A from railroads, major highways or population centers. The
o remoteness of the site makes it possible to identify the source
e of most man-made seismic noise, and in many cases to eliminate
»f that noise during periods in which high-resolution data is being
“ﬁ recorded. The remaining seismic noise above some minimum back-
;ap ground level comes primarily from the interaction of wind-in-
W duced turbulence with the ground surface in the vicinity of
-*& the station.
!‘.
- Figure 1 shows a plan of the vaults and boreholes in the
Wl central area of the Lajitas station. An additional 60 ft. bore-
za hole, not shown on the plan, is located about 50 meters to the
hy west of the central pad.
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A number of tank vaults like the one shown in Figures
l and 2 have been installed at distances from 50 meters to 500 meters
away from the central area. Figure 2 is a schematic cross-section
through the boreholes at the north end of the central area. All of
the boreholes are cased with 7" API pipe except for the "Shallow
borehole" (50 ft deep) shown in Figure 2 which has 9" API casing that
can accommodate the new Teledyne-Geotech S-3 seismometer, identical to
the model recently installed at AO in NORESS.

Instruments currently installed at Lajitas from which outputs are

available are as follows:

§-750 - Cemented into rock at a depth of 5 ft. (2)

GS-13 - Three components in vault (Z, N, E)

§~13 = Two vertical units (Z) with battery powered
amplifiers for use as portable units

GS=-21 - In S0 ft. borehold (Z component)

GS 21 - In 330 ft. borehole (Z component)

KS-36,000 - In 330 ft. borehole (AFTAC), Three component

short period and long period outputs are

available

S-21 (23,900) - In 100 ft. borehole (AFTAC), SP-2.
In addition, FM analog data are available at Lajitas from S$-21 (23,900)
vertical sensors near Marathon, Texas, (MTX) about 75 miles north-
northeast of Lajitas (LTX) and Shafter, Texas, (STX) about 60 miles
northwest of Lajitas. The tripartite network formed by LTX, MTX and
STX, and operated by AFTAC, is referred to as SOUS (Southern US) in
the following discussions. ' .

Two small buildings, two instrument trailers and a small living
trailer are located at the Lajitas station. A third instrument
trailer will be moved on site in the spring of 1986 to house a DEC
LSI-11 which will become the second data recording system at Lajitas,
sampling at 250 samples per second. A weight-drop machine and two
super-woofers, with calibrated microphones, are available on site for
use as controlled seismic sources. These sources have been used
primarily for comparing instruments, studying instrument coupling and
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simulating wind and aircraft noise. We intend to use these sources
in the future to study borehole noise. ‘

A data analysis system which we have found to be very useful in
comparing sensors, identifying noise sources and obtaining broad-band
noise spectra is composed of an HP-3582A spectral analyser, which
uses the block-averaged estimation technique discussed later in this
review, linked to an HP-85 personal computer. This system can be
operated from a battery powered invertor and so can be truck mounted
for observations away from the instrument trailers. The HP-85 soft-
ware produced the plots shown in Figure 3. 1In this example spectra
are shown to 50 Hz, but greater bandwidths are available because the
system samples at a very high rate. 1In Figure 3, the outputs from
two Z-component, GS-21 sensors at 50 ft. and 330 ft. depths are
compared during a period when there was essentially no wind. We
note that the coherence between these sensors is insignificant above
about 10 Hz except for the spectral peak at about 26 Hz. This peak
was observed for about three days, but vanished before we were able
to identify the source.

We recently convened a wWorkshop at Southern Methodist University
where scientists from universities, government sponsored laboratories
and industrial laboratories met to discuss the development of high-
frequency seismic methods of interest in treaty verification research.
The extension of seismic monitoring to bandwidths of 50 Hz means that
the verification research community now has a great deal in common with
the seismic exploration community in so far as the acquisition and
analysis of seismic data are concerned. The explorationists suggested
that, to be safe at least in the research mode, data analysis should
not be attempted to frequencies much greater than about half of the
Nyquist freguency. Their belief in this axiom is supported by the
fact that seismic exploration data is now sampled at no less than 500
samples per second even though data processing bandwidths seldom

exceed 100 Hz. We believe that systems designed to study seismic data

tc a bandwidth cf 50 Hz should be sampled at 250 samples per second.
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The only two experimental systems supported by DARPA which will be
sampling at this high a rate will be located at AO NORESS and at
Lajitas. This spring, when an additional borehole system is installed at
Lajitas, we will have an experiﬁent directly comparable to the high-
frequency experiment at NORESS, but in a very different geological and
meterological environment. Data from these two systems will provide

the base for examining seismic signals and noise at frequencies greater
than the 10 to 15 HZ bandwidth provided by conventional RSTN and NORESS
data.

High-Fregquency Noise Models

Figure 4 shows the minimum reported noise levels (displacement
power spectra) at Lajitas and NORSAR. It appears that the spectral
noise level at Lajitas is &out 10dB below the NORSAR (NORESS) level
under quietest conditions. The levels will rise with increasing wind
speed and with the occurrence of other disturbances such as vehicular
traffic, aircraft, etc. at both sites. Figure 5 shows the rise in
spectral noise level at Lajitas with increasing wind speed. We note
that the two reported spectral measurements from NORSAR in high wind
conditions show wind effects similar to those observed at Lajitas.
Both the Lajitas data and the NORSAR data used in Figure 5 were from
boreholes. We note from this figure that the wind-induced noise rises
more rapidly with wind speed for higher frequéncy components. We
believe that this effect will be present at all sites. The question
then becomes one of the probability of occurrence of winds of a given
speed,

In Figure 6 the zero to peak noise prior to signals reported for
the Lajitas station during the two months of the GSETT experiment
have been used to determine a cumulative probability of noise amplitude.

Since the noise amplitude on the seismic record is dominated by the
noise in the band 0.5 to 2.0 Hz, this probability distribution can
be related to spectral noise in that band. The low-noise spectrum
shown in Figure 4 will be observed less than 1% of time at Lajitas
and so represents the left-hand toe of the curve in Figure 6. The
broad upper part of this curve, which represents noise amplitudes
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greater than about 5 nanometers, represents periods of extremely high
winds, human noise at the site, vehicular traffic, and the coda from
events which extended into the noise window used for GSETT analysis.
We do not know just how much of the noise probability distribution
can be attributéd to wind noise. Table 1 represents a first, and very
tentative, attempt to predict what the percentile levels of spectral
noise may be at Lajitas for frequencies higher than 2 Hz. These
predictions should be confirmed or corrected using spectral measure-
ments at the station, and a relationship between the cumulative wind
speed probability and the cumulative spectral noise probability over
the bandwidth of interest should be established for Lajitas.

No similar noise distribution for NORESS is available at this tire,
but we suspect that the data required to produce such a distribution
are available from digital data at the C.S.S. What information we
have indicates that the expected wind speed at NORESS is generally
much lower than at Lajitas so that the median spectral noise levels
in the 10 to 30 Hz band at the two sites may be about the same,
although the lowest noise at Lajitas is about 10 4B below that at
NORESS. In this case we would expect the 90-percentile wind noise
level at Lajitas to be significantly greater than the NORESS level.

In order to begin to characterize these noise probabilities for a
variety of possible sites in the U.S.S.R., we must examine data from
as many different sites as possible. Predictions based only on data
from NORESS, where moderate to high wind speeds appear to be unlikely,
could lead to capability estimates that would not be representative of
most of the possible sites in the U.S.S.R. We intend to refine the
noise probability estimates for Lajitas, develop similar estimates for
NORESS, RSNT, RSON, RSSD and RSNY provided the required data are
available, and to study the relationship between wind speed probability"
and noise probability. If relational models can be developed, then it
may be possible to predict spectral noise probability at new sites
based on available meteorological information.

In the long period seismic band boreholes have been very effective
in reducing wind-induced seismic noise. Almost all of the long-period

systems now used in treaty monitoring are located in boreholes. Wwave-
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length arguments could lead one to predict that borehole installations
would be even more effective in reducing wind noise in the 0.5 to

50 Hz band, but this has not proved to be the case. Clearly other
mechanisms for propagating these surface disturbances to depth take
over at the higher frequencies. Higher mode surface waves, body waves
and borehole waves have all been suggested as mechanisms, but the
critical experiments have not been done. We intend to perform
experiments at Lajitas using natural and artificial noise sources,

and instruments at depths from 5 ft. to 330 ft. in order to better
understand the propagation of high frequency surface noise into the
borehole,

Teleselsms at lLajitas

Figure 7 shows a comparison of Lajitas Mb estimates to network
maximum likelihood Mb estimates for teleseisms detected and reported
during the two months of the GSETT experiment. This Figure shows
that the Lajitas magnitudes are, on the average, slightly higher than
the network values. Because teleseismic detection is almost always
optimum in the 0.5 to 2.0 Hz band, the noise probability data from
Figure 6 and the magnitude relations shown in Figure 7 can be used to
model the teleseismic detection capability of Lajitas-like stations
using codes such as NETWORTH and SNAP-D.

We have begun to estimate the detection capability for regional
events at Lajitas. Preliminary analysis of regional events during
periods when the noise level was low to moderate has shown that, in
terms of Pn and Lg magnitudes, the single sensor detection capability
at Lajitas is better than about magnitude 1.0 to 1.5 for P and 0.5
to 1.0 for Lg at distances of the order of 300 km, and is about magnitudg
2.0 to 2.5 for P and 1.5 to 2.0 for Lg at distances of the order of
600 km. The relationship between this detection capability and noise
probability or wind conditidns has not yet been established.

Figure 8 shows a portion of a Helicorder record (Z component bore-
hole sensor) from Lajitas for 27 NOV 1985. A number of local, regional

and teleseismic events can be seen in this figure. An analyst picked )
44 separate events on the entire record for this day. Perhaps a fourth ‘

of these are regional events which can be analysed for freguency content,

15~
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Conclusions

Noise measurements at Lajitas have shown it to be the
quietest seismic station for which a consistent set of
ambient noise measurements have been reported. As is true
for all seismic stations, the background noise increases
and thus the signal resolution drops with increasing wind
velocity. Signal levels at Lajitas are somewhat above
average based on observations during the GSETT recording
period. Because of these properties, the Lajitas station
has an excellent detection capability for local to tele-
seismic events.
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PHASE ANALYSIS OF RAYLEIGH WAVES
FROM THE SHAGAN RIVER TEST SITE
IN THE USSR

Eugene Herrin
Tom Goforth¥*

Geophysical Laboratory
Southern Methodist University
Dallas, Texas 75275

.. *Now at Schlumberger

' 4100 Spring Valley
Suite 600
bDallas, Texas 75234




‘u A}
ABSTRACT

e
+ ‘:;'
[} .
‘O .
oy A study was made to determine if significant phase differences
5! exist between Rayleigh waves which have traveled almost identical paths

~|
‘N .
: », from the USSR Shagan River test site. Surface waves from (five
S

A explosions recorded at six SRO/ASRO digital stations were used {n the
.i analysis. The explosion of 4 August 1979 was selected as a reference,
Ny
1ﬂ and at each 3ite the phase spectra of the kayleigh waves frc: tne
")
gf other five events were compared to that of the reference. The
:n tecnnique of phase-matched filtering was used to analyze the signa.=.
~

lb' This technique reduces the effects of multipathing and vremcves phasze
‘.
b differences due to dispersion along slightly different travel paths.

- Each epicenter had been re-.ocated by using calibration data
'2: from the cratering shot of 15 January 19€%, and remaining ervcra in
QN

>
D location and origin time are considered tc be extremz.y smali.
v Seismograms were analyzed for surface waves recorded at Matsushiro,
-',:

:ﬁ Japan (MAJO); Shillcng, Indi (SHIO0); Kalul, Afgranistan rFHAAL .,
"

Ty Ankara, Turkey (ANTO); Grafenkurg, W. Cermany (CKF0); and Allbuguerjue,
N N.M. (ANMO).

.-

s Results of the study indicate that kayleigh waves frcom s u=
N
e Shagan River expioszicr2 have urnderacne large phasze ahirta pelas v »
rn? Rayleigh waves which have traveled almost fdentical fgaths fronm  rie:
;ﬂ Shagan River explosions, In aome caze=, the phaze 200007 “an -
e

\" interpreted as complete phase reversa.s wWitl, assIcliated t:me de.ay. I
\"
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: Farrticular, as compared to the explosion of 4 August 1979, Rayleigh

waves from the explosion of 7 July 1979 are reversed in polarity at
o KAAO and ANTO and are reversed in polarity and delayed at GRFO, SHIO,
Wy and MAJO.
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INTRODUCTION

One of the earliest conclusions from recordings of seismic
surface waves from nuclear explosions was that Love waves, SH waves,
and strongly asymmetrical Rayleigh radiation natterns were being
generated by supposedly simple explosive sources. In more recent years
other unexpected characteristics of explosion-generated surface waves
have been observed. In particular, there have been observations of
phase reversals (e.g., North and Fitch, 198l1) and time delays (Von
Seggern, 1973; Rygg, 1979) between Raleigh waves which have traveled
almost identical paths from sites of nuclear explosicns. Of these
phenomena, all but the time delays have been explained to some extent
as the result of a superposition of an explosion monopole and a double
couple contribution from tectonic release (Harkrider, 1980; Archambeau,
1972). 1In order to use surface wave to determine the yields of nuclear
explosions at the ©Shagan River Test Site, corrections for the
non-isotropic effect must be made based upon an adequate model c¢f the
process. The model, such as the one proposed by Day et al (1986), must
explain all of the observed phenomena including time delays.

It 1s extremely difficult to verify the existence of time
delays (or, equivalently, 1linear phase differences as a function of
frequency) between dispersed waves which have traveled alightly

different paths. Relatively small errors in epicenter locatiocn anrd in
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origin time can introduce signirficant apparent phase changes, and
improper corrections for dispersion for slightly different pathe can
also cause spurious phase shifts and time delays. Strong multipathing
is often present and confuses the analysis., With these difficulties in
mind, it is the objective of this study to determine 1if time delays
exist, and if so, to measure them in as quantitative a way as possible.
An effort has been made to utilize a data set which minimizes many of
the errors associated with 1inaccurate locations and to utilize an

analysis technique, phase-matched filtering, which seems particularly

applicable to the problem.
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DATA

Five presumed explosions were selected for study. Each occurred
at the U.S.S.R. Eastern Kazakh test site in 1978 or 1979. Table 1
gives the origin time, latitude and longitude, and magnitude of each
explosion. The 1ndicated epicenters are the result of a re-location
procedure accomplished by Lincoln Laboratories of the Massachusetts
Institute of Technology (North and Fitch, 1981) using the cratering
shot of 15 January 1965 (Nordyke, 1975) for calibration. The crater,
the 1location of which 1is shown in Figure 1, has been positioned ty
satellite photography, and the resulting re-locations are thought to be
accurate to within + 3 km. The origin times shown in Table 1 were
calculated during the location procedure and all are seen to be between
1.4 and 2.7 seconds before the even minute. The average travel time
bias for the Eastern Kazakh source region has been estimated to be -2.3
seconds (Rodean, 1979). It is believed that these calculated origin
times scatter about this bias, and that the true origin times are 1in
every case almost exactly on the minute.

Figure 1 i3 a sketch map of the -easternmost (Shagan River)
portion of the Eastern Kazakh Test Site showing the locations of the
five explosions. All five are in an area about 16 km by 10 km.
Surface waves from these events were digitally recorded at the Seismic
Research Obaervatories (SRO) and  Abbreviated Seismic Research
Observatories (ASRO) whose 1locations vrelative to the test site are

shown in Figure 2. These stations are well-distributed in azimuth

abéut the test site and range in distance from about 17 0(1890 km) for
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Kabul, Afghanistan (KAAQ) to a5 © (10,560 km) for Albugquergue, New
Mexico (ANMO). The other stations are Matsushiro, Japan (MAJO);
Shillong, India (SHIO); Ankara, Turkey (ANTO):; and Grafenburg, N.
Germany (GRF0). Digital data from other stations, such as CHTO, BCZO,

KOND, etc., were not avallable for the reference event (4 August 1979).




PHASE-MATCHED FILTERING

'; A technique of phase-matched filtering (Herrin and Goforth,
k. 1977, Goforth and Herrin, 1979) was wused to analyze the data. A

phase-matched filter (PMF) is a filter which has the same Fourier phase
y as one component of a composite signal, e.g., the same phase as the
primary arrival in a multipathed seismic surface wave. Consider the
synthetic, dispersed signal and the time domain representation of the
X phase-matched filter shown in Figure 3. The PMF has the same Fourier
. phase as the signal, but has a white amplitude spectrum in the

frequency band 0.2 to 0.001 Hz. The <cross-correlation of the two,

shown 1In Figure 3, compresses the 600-second signal into a pulse of

aTata R p ¥

duration less than 100 seconds, approximately half the duration that
would be achieved by correlation with a matched filter. Suppose the
" same synthetic signal is added to a second signal, producing the
synthetic, multipathed signal as shown in Figure 4. The amplitude and

phase of the original signal is now seriously distorted. Figure 5

T,

demonstrates that 1f the multipathéd signal 1is cross-correlated with

-

! the PMF, exactly the same correlation function results ag was obtained

¢
without multipathing, except for the separate effect of the later
arrival. A complete separation of the primary and multipath components
12 achieved in this synthetic example. The Fourier transform of a
. 100-second window centered at zero lag gives an excellent estimate of
)
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the amplitude spectrum of the primary arrival at frequencies greater

than about 0.02 Hz; the phase of the primary arrival is the same as
that of the PMF.

In practice the PMF must be derived from the multipathed signal.
This 1a accompliahed by first obtaining a group velocity dispersion
function, U(w), for the multipathed signal from a multiple filter

analysis (Dzilewonskl, et al, 1969). Then the Fourier phase of a trial

filter can be obtained from the group delay of the filter, tgr, by the

relation

O(w) = 't'cd\- (U—‘) d w

(@]

where E} iz the phase of the filter.

The correlation of the trial filter and the multipathed surface wave
will result in a time series in which there are oscillations due to the
phase mismatch of the trial filter and the primary signal and other
oscillations due to multipaths.. If the phase of the trial filter is
sufficiently «close to the phase of the primary signal at all
frequencies and the arrival time differences between the primary and
later arrivals are sufficiently large, the sets of oscillations can be
separated, and the Fourier transform of a window excluding the

multipath energy will yield a smoothed estimate of the phase correction

needed. The trial filter is then updated and is correlated once again




ﬁg; with the original multipathed signal, and the process is repeated until
-
he the phase error is zero. Thus a Phase-matched filter is obtained. By
e this process the amplitude and phase of the wunmultipathed portion of
¥

i the signal can be determined.
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DATA ANALYSIS

The diversity of the Rayleigh waveforms resulting from the &
explosions can be seen iIn Fiqure 6, where the arrivals at Katul,
Afghanistan, are shown. The waveforms from the 4 August 1979 and 22
June 1979 events are similar, but the 7 July 1979 Rayleigh wave 1s
characterized by prominent long-period (T=40 to 50 seconds) energy and
the appearance of being reversed 1in phase. The 4 November 1978
Rayleigh wave 1s similar to that of the 7 July 1979, event while the 1%
September 1978 Rayleigh shows large amplitudes preceding the
fundamental mode arrival. The Rayleigh arrivals at the other stations
are similarly diverse. Since Rayleigh waves from the explosions have
traveled almost identicul paths to Kabul, the differences in the
waveforms are presumably due to differences at the scurce. In corder
to determine the amplitude and phase differences between the Rayleigh
arrivals at each station, the following procedure was undertaken. A
PMF was obtained for the primary Rayleigh arrivals at each of the six
SRO/ASRO stations for the explosion of 4 August 1979. The PMF’'s for
this reference event, adjusted for the appropriate distances, were
applied to the Rayleigh waves at each station for each of the other
four events, The Fourier transforms of the resulting windowed
correlations provided the spectral phase difference between the
unmultipathed portions of the reference event and each of the others.

As an example of this procedure, consider Figure 7 which shows
the Rayleigh arrivals at Albuquerque, New Mexico, from the 4 August

1979 event, which was chosen as the reference, and the 23 June 1979
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Sh' event. The waves have been well dispersed over the 95 travel! gpath,
:wﬁ and any differences in amplitude or phase are not immediately cbwvi:-us.
fk: . A PMF was found for the reference event, and on the final iteraticn the
;f correlation of the PMF with the signal produced the first correlaticr
3t{ function shown in Figure 7. The same filter, adjusted fcor the
i;} dispersion over the 1 km difference in distance, was applied tc the 23
,Eg June 1979 event, producing the second correlation function in Figure 7.
-?{ The phase of this correlation function 1is the difference in glase
'q between the two primary signals. The Fourler transform of a 100-second
';é window centered at zero lag gives an estimate of the phase difference
WS between the unmultipathed portions of the two signals. In Figure 8 the
é}i phase difference 1is plotted as a function of frequency. A maximum
;i; phase difference of only about 10c> at a frequency of .03 Hz 1s seern in
isf this plot. A near-linear rlot of this type can be interpreted in term:
“:; of the slope of a first order trend (a time delay’/advance) and a
 §§ zero-frequency intercept (an all-pass phase shift). The data in Figure
;J 8 has a linear trend with slope between zero and 1 sec and with a
%zﬂ zero-frequency 1intercept 1less than lO‘D. The resolution c¢f the
}Eﬁ phase-matching technique is limited by the 1 sps sampling rate of the
iﬁﬂ data to about 10o at mid-band and a similar amount in the estimate of
Q%S the zero-frequency intercept. The analysis therefore indicates no
‘;ﬁ significant phase differences nor any significant time delay between
'ﬁg the two signals.
::g As another example of the analysis procedure, consider Figure 9
:ﬁ which shows the Raylelgh arrivals art Ankara, Turkey, from the 4 Aggusrs
e 1979 event and the 15 September 1978 event, The waveforms show strong
o
o
22
11
2
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multipathing., A PMF was determined for the 4 August 1979 referer .
event, and on the final iteration the correlation of the PMF witi «:-=
signal produced a correlation function of which the windowed portion is
shown in Figure 9. The application of the PMF to the 15 September 197r
event gilves the aecond windowed correlation function, the Fourier
transform of which ylelds the phase difference between the
unmultipathed pertiona ¢of the two signals. This phase difference (=
plotted in Figure 10. Again, the slope of the linear trend is I1-:c:

than the 1 second sampling interval; phase differences do not exceed

about 10C> at arny frequency, including the zero-frequency intercegt.

There is, therefore, no significant phase difference «c¢r time =hif-

between the two signals. The wuncertainties intrcduced by strIng

multipath modulation have been eliminated by phase-matched filterinzg.
The majority of the Rayleigh waves analy:zed 3howed i

significant phase differences or time shifts relative to the refererce
event. However, of the 3C waveforma studied, B were determined tc re
anomalous either in terms of significant phase shifts, time delays, o

both. The event of 7 July 1979 proved to be anomolous at all o

e
+

las

[a 4]

stations. The 4 Ncvember 1979 Rayleigh arrivals at MAJC and SHIU ana
the 15 September 1978 Rayleigh arrival at SHIO were also anomalous.

The Rayleigh waves from the 4 August 1979 reference event a:i
the 7 July 1979 event as recorded at Matsushiro, Japan, are showr ir
Figure 11. The 7 July 1979 correlation function prcduced =ty ‘re
filtering process 1s obviously upside down relative to that of rre

reference event. The Fourler transform of the windcwed corre.atio-r,

function in Figure 11 provides the phace difference bhetwee:n the tur-
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#ignals which 12 plotted a2 a function of frequency in Fiyurs .. e

plot shows a zero-frequency intercept near 180 Ver DUyl e
pclarity reversal, but {t also shows a strong linear trend with a Silpe
of 2.2 seconds. Therefore, the 7 July 1979 Kayleigh arrival acs
cbserved at MAJO is reversed in polarity and delayed by approximate.y ¢

seconds relative to the ¢ August 1979 Rayleigh arrival. Ray.e.

‘ha

waves from the 7 July 1979 explosion were alsc reversed i gpolarity a:.

va

delayed relative to the reference event at Crafenberg (delay = ..v .-

and Shillong (delay = 9.8 sec). The result at Shillong is particular.y
interesting because of the large indicated delay and the presze:; ' ar
interferirg evert. The Rayleigh seismcgrams for the events -6 § & .1 . ¢
1979, 7 July 1979, and 23 June 1979 are shown irn Fiaure [
the ccrrespcnding correlation funcrtions resulting frorm  prase ma® e
filrtering. The Rayleigh waves are not well dicpersed cver the =: .p°
travel path and appear almost pulse-like. Both the seismograms ani +:

cerrelation functicns for the reference and 27 June 1974 everr: g
almoer ildentical, while ¢the 7 July 1979 EKayleigl, wave is oo
lifferent, belina lcw-level and distorted by an {nterferiris ever*s . i~

phase analys=ts ol <he 7 JTuiy 1979 ccorrelaticn {2 ahown i Flaa-=

..-
R

3tron iinear rtrend indicates almcst a 10-second delay ar i a p-.ar:ty

reversal relative to the reference. Phase-matched filtering of ‘the

July 1979 Rayleigh waves at Kabul, Afghanistan, and Ankara, Turxkev,

showed nz time delays but revealed all-pase phase siifte, relative -
@)

the referernce esvent, of akout 2207 . NoO analy=12 was piszib.e t. 1 *ie

Rayleigh arrival for this event at Albugquerque Lecauac LA S

signal-toc-ncise ratio.
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5; Figure 15 summarizes rhe rezulta for  the FKaylelgh  wave- o
}? the 7 July 1979 event. In this figure the apectral amplitulez at 4
A; period of 25 sec relative to that of the reference event are gpl. "tel
§§ for the 7 July 1979 event. The amplitude ratic 1s expressed {: 1t 3
) each station, with positive dB meaning that the 7 July 1973 awp.it .t
:‘- 12 larger than that of the reference event. There is a 20 dF swi: i

N
. with azimuth, with the amplitude at FKabul 12 d&B greater than tiw
"

. reference and the amplitude at Shillong 18 dF les=. There {:
‘!i definite trend of higher amplitudes for the 7 July event 1in a Shk-NE
ﬁﬁ iine, and low amplitudes in NW-SE directicn. The very low amplitiis: ar
}f St.illong and Crafenberg were accompanied by time delay: ari -%.O
tY' Frase reversals. The arrivals with higher amplitudes at harful anz
;i Arnkara showed nc time delays and the frequency-independent pracze =i i::
: appeared tc be mcore like 22C cdegrees than 1B80. But this pattern wa:
- Prcken at Matsushiro where a substantial amplitude was accompanied by a
;% J-gec time delay and the phase reversal was 180°.

2 In additicn to the anomclous event of 7 July 1979, there were
e three other instances of wunusual Rayleigh waves in the data set
EZ studied. Their phases relative to the reference are =shuown in Figure
Ff ie6. The 4 November 1978 KRayleigh arrival at KAAO looks very much like
N the 7 July Rayleigh arrivals at Kabul and Ankara. The phases of the
Qﬂz other two, 4 November 1978 at MAJO and 15 September 1978 at SHIO, have
:ﬁ a non-linear frequency dependence that is not easily interpreted ir
Af terms of a slope and intercept. Nevertheless, there appear to be in
;& bith cazes first order trends equivalent to 3 to 4 second time delays.
4 :
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” The majicrity of =“he kay.eigl waves studied sh-we: £/ SUL I SIS
P2 phase characteristi~s which are Consistent wWith arf eXp.. tive = .t -
A
o X : . ‘ N L
, an isotropic medium. Tre explcsior <t v July <79 i< arn exrcert. o1 .
ol that it generated Ray.eigh waves Which were approximate.y reversel
-
) Folarity at all rezcrding statiors. Thecretically, & Lo.arity rever oo
X
Cad
: at all azimuths Ccw.d be proiucel Xy a  ATroltoi Yl :
- contributicrn from thrust [1ke ‘tetini: reliease; ‘. "wever, *uw "t
~r
L : . .
) characteristics of the 7 July 1=« exp.oficn Whicn wWere otern :
s
~, the present analysis have nct yet Leer exp.ained Trese  are !
Y PN & . N o)
By all-pass phase shifts of ZC¢{ ‘ratner than .&l ,cand b ocame delan
(¥ SN
Ed
<. at some azimuths. ©f principal interest are ":« time de . ays. Arioar-: -
4’:
o “ime snifts can re generatel Yy a4 varietny St erco_r.oarn: o bt
- adlustmerts such as errcrs in epicenter 1cTation, era rx SR
<2
o
o times, improrer correcticong for 3dlsperszicn Cwer sliuitly, itierens
)
“V Y paths, and Iimproper interpretaticn of the 3icope  of s tlrat i
o trend of the phase vs frequency curve because ¢f limited bandwict: a'.:
‘q,:
" resolution. It 13 of interest to consider the plazik.e efte-t: &,y
L
b ™. £ . e resu.
e of these sources of error on the reaulitz.
<N The epicenters of the explosicons are thought t. be very a- .ra’-
e :
N because they were adjusted to the location of the crater::ry sh.t ¢
".
A January 1965, Nevertheless, location errors cf ¥ 3 km = 1% r-: .-
Ta
n in a travel time error of approximately *+ 1 second. Ir the w v -
+ A
n o
~ case, where the reference event might be miz2-lccated Ty © xux ar:
SN
¥'s the .other events mis-located by 3 km in the cpr-site dire " -,
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atiorn errcr would be to introduce an azimuthally alternating patter:,

advances ari Zelays Wwith maximum value of ab-out 7 zeconda. RAs o St

.yzed are well-dlanribured in azimuth and such a  pattern wWoo.ol 1
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in phase due to the 16 km difference in travel path was calculated or
the rasis of the average dispersion observed over the entire Zhagan
River-Kabul travel path. Ideally, the correction should be based c¢n
the dispersion curve for the test site, but this is not known. Tre

procedure used in this analysis could introduce a slight error that

increases with the difference between the average dispersion over the

(R

otal path and the dispersion on the test site, and with increasiny

L

ifference in path length between the reference event and the others=.

=

2 16 km path length difference to Kabul represents a worst case in

Ly

2th categcries; however, no time shift was observed betweer. the «
August 1979 and 4 November 1978 Rayleigh waves at Kabul.
By calculating the spectral phase difference from the Fourier
transform cf a 100-sec wincdow, the effect: of multipaths were
liminated. However, the narrow window reduced the freguenrcy
resolution of the spectral estimates to 0.01 Hz, so that cnly ©
irdeprendent spectral estimates were obtained in the pass band 0.02 to
G.0c Hz. The additioral points that appear in the varicus phase vs
frequency piots are interpolations obtained by =zero-filling the
transfiorm window to a total of 1024 points. Nevertheless, the S
independent estimates in the pass band are consistent with a systenatic
trend, and the interpolated points serve to define the trend of the
urve visually., No significant errcr in determining the slcpe of the
fir2t order trend {s thought tc be introduced by the relatively poor
frejyuency resolution.
The m-del cf tectcnlc release proposed by Day er al. (19Fc,

Fredicts that lirear fgphase <chifts (time delays3) car be produced,
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particularly in propagation directions where the Raylelgh waves from

the exploaions and the reversed Rayleigh waves from the tectonic

release are of similar size. In this study we found that

the largest

time delays occurred 1n directions where the Rayleigh waves were

weakest as would be predicted by the model of Day et al.
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CONCLUSIONS

The analysis of digital Rayleigh wave seismograms at six
SRO/ASRO seismic stations from five explosions at the USSR Shagan River
nuclear test site indicates that five of the Rayleigh arrivals are
reversed in polarity and delayed relative to a reference event. Since
the Rayleigh waves have traveled almost identical paths frcm the
various explosiog sites to each station, the polarity reversals and
time delays are presumed to be due to source effects. These effects

appear to be explained by the model proposed by Day et al. (1986).
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li, Figure Captions

b

N FIGURE Sketch map of the easternmost (Shagan River)
A4 portion of the Eastern Kazakh Test Site
showing the locations of the five explosions

I~

o selected for study (event numbers can be
o referenced to Table 1).
e
e FIGURE 2 Plot showing the location of the ASRO/SRO
0¥y stations relative to the Shagan River testing
area.

;’E FIGURE 3 Synthetic signal (top trace); time domain
oy representation of the filter (middle trace);
:'§ and the cross-correlation of the two upper
! traces.
Ko FIGURE 4 Synthetic dispersed signal (top trace)
ol interfering signal (middle trace), and synthetic
7”' multipathed signal formed by summing the first
»2 two traces (lower trace).
)
1z FIGURE 5 Synthetic multipathed signal (top trace),

S the phase-matched filter (middle trace), and
.i: the cross-correlation (lower trace).

oy

}3 FIGURE o Rayleigh waveforms resulting from 5 explosions
o recorded at Kabul, Afghanistan.

- FIGURE 7 Rayleigh arrivals at Albuguerque, New Mexico,
. from the 4 August 1979 event, and the 23 June
N 1979 event, and their correlation functions,
W FIGURE 8 Phase of 23 June 1979 Rayleigh relative to
D) 4 August 1979 Rayleigh as determined at
e Albuquerque by phase-matched filtering.
L2
&i: FIGURE 9 Rayleigh arrivals at Ankara, Turkey, from the
.- 4 August 1979 event and the 15 September 1978
ey event.

A FIGURE 10 Phase of 15 September 1978 Rayleigh arrival
'ji relative to 4 August 1979 arrival as determined
N at Ankara by phase-matched filtering.

'.’r
ﬁ% FIGURE 11 The Rayleigh waves from the 4 August 1979
. reference event and the 7 July 1979 event as
o recorded at Matsushiro, Japan, and their
o windowed correlations produced by phase-

f} matched filtering.
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FIGURE 12

FIGURE 13

FIGURE 14

FIGURE 15

FIGURE 16

Phase of 7 July 1979 Rayleigh relative to
4 August 1979 Rayleigh as determined at
Matsushiro by phase-matched filtering.

The Rayleigh seismograms for the events of

4 August 1579, 7 July 1979, and 23 June 1979,
as recorded at Shillong, India, and their
corresponding correlation functions resulting
from phase-matched filtering.

Phase of 7 July 1979 Rayleigh relative to
4 August 1979 Rayleigh as determined at Shillong
by phase-matched filtering.

Spectral amplitude, at 25 second period, of
Rayleigh waves from the 7 July 1979 event
relative to the reference event (4 August 1979).

Phase of 4 November 1978 Rayleigh arrivals at
MAJO and KAAO, and the 15 September 1978
Rayleigh arrival at SHIO relative to the
reference event as determined by phase-
matched filtering.
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JUN 2 ’'87 1@:19 JPL-COMM/CENTER PAGE . Q@2
- Jot Prapulsion Laboretory _
Cattorrs ingainge of Yechnalogy
4800 Osk Grove Drive
Pusadena Caftforree 91900
2 June 7
918) 3544321 198

SOUTHERN METHRODIST UNIVERSITY
Dallas, Texas 75278

Attention: James E. Bruseth
Director Office of Research Administration

Subject: Fact-tinding Questions pertaining to 8MU proposal
for the Extension to JPL (Contract No. 957072

Reference: Telecon between J. Bruseth (SMU) and J. Waleh (JPL)
on 2 June 1987.

>

This memo is to provide you with formal documentation of the
fact-finding questions and requests which I relayed to you during
the referenced telephone conversation. It is my understanding
that you will provide me with responses to these questions and
requests via FAX as soon as they are available.

LABOR_HOURS/LABOR RATES

l1.) The SMU proposal claims that the o0ld Magellan budget
provided for a full-time Graduate Research Assistant for
FY 87/88/89. JPL records indicate that the old budget
provides for a Graduate Research Assistant for FY 87/88/89,
but at only half-time (Contract Mod no. 1).

The hourly rate negotiated for this half-time Graduate
Research Assistant, according to JPL records of Contract
Mod no. 1, ranged from $9.00 in 1987 to $9.82 in 1989.

The hourly rate proposed for the full=time Graduate
Research Assistant in the Nod no. 2 proposal by SMU ranges
from $4.62 in 1987 to $5.77 in 1991.

Would SMU please investigate and explain?

COMPUTER EQUIPMENT/MAINTENANCE

2.) Please provide back-up documentation for the following
computer equipment costs included in your bid:

Sun-3/2808 Data Center Server
Color Monitor Board/Keyboard/Mouse
578 MBYTE Disk

Data Center Cabinet

R ST LTS e et et

N TN T e T e S e L
DR AN AL, S W e e e e e .
v A}J}i"‘h}.ﬂt‘){?&\m RPN PO ST,

\H-i'l\_




e JUN 2 'B7 10:18 JPL-COMM/CENTER PAGE . B3

iy - . Jot Propulesion Laboratory

P Caorrag inetiute of Yeohnology «;1235

o -2-

w
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™

o 3.) During which month in FY 1988 will the computer equipment
o be delivered? How many months of free maintenance will
N come with the purchase price of the computer?

il 4.) Mod no.l negotiated Computer Maintenance costs at a rate
~ of $450/mo. Pleass provide backup for the increase to

$507/mo on this proposal. ¢

X TRAVEL

J.\

:i: 5.) Please provide back-up for the $3000 bid for FY87 travel.
-‘.‘ '

>

- 6.) Please provide back-up for the $700 bid for PY87 telephone
NS costs.

':‘.

: 7.) Please provide the actual costs incurred against this

- contract thru 09/30/86.

-~

L Thank you for your cooperation.
\E Sinceraly,

N John M. Walsh

% Cost Analyst
o~ cc: S. Dallas 264-316

o N. Nickle 264-316

C. Sears 264~370
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